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By Garry C. Myers, Jr.
SRAMARY

In order to provide basic data on hslicopter rotor-blade
motion, photographlc records of the behavior of & blads in flight
were obtained with a conventional single-rotor helicopter. The
results of measuremenls of flapping motion, in-plene motlon, and
blede distorticns arc prosented for selected conditions of flight
at tip-speed ratios ranging from 0.12 to 0.25. The flapping and
iIn-plane msasurements were redurced to Fourler series coefficlents
end are presented in tebular form. Values of measured Flapping
motion were compared with theoretically calculated values , and
agreement was found to be good onouvgh to render the theory useful,
within the range of conditlons tested, in such problems as
estimation of control dispiacement for trim and statlic-stability
determination end i1a the design of the rotor hub. The largest
deviations between predicted and measured flapping motion were
noted in the rather limited climb conditiones tested and Purther
exemination of this deviation appears desirable.

Perlodic in-plane motion due to air Porces was shown to be
small, having asn amplitvde of about 1° st a tip-spsed ratio of
0.25. This fact simplifies the design problem involved in
ninimizing dawper louds. The mean drag angle is fowmd to be
proporticnal (within #3 percent) to the rotor torque divided by
the squere of the rotatlonal speed over a wids range of flight
conditlions, which suggests the use of the drag engle In devising
& simple service torquemster for the helicopter. The agroement
betwoen measured and predicted drag angies i1s considered adequete
to warrant confidence in the predicted values in deslgning the
rotor hubd.

Plots of blade twisting and blade bending in the plans of
flapping ars presented for & sample case. The outer quarter of
the blaede was concave downward during most of or all of each
revolutlon for every condition exsmined » walch Indicates the need
for including tip-loss factors in blade-stress calculations.
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INTRODUCTION

The ability to predict the motion of the blades «f a flapping
rotor is of fuwndamental importence in the sclution of many rotary-
wing problems. Information on blade-flapping motion is, for
example, an important step In studies of rotor stebillty, since
the orientation of the rotor disk must be lmown with respect to
known axes. For the ssme reason, an understending of the flapping
motion provides a basis for the predlction of regquired control
displacements for trim. A kmowledge of in-plane motion and blade
distorticns is essentisl to studies of blade stressees and rotor
vibration. Ability to predict—bleds motion 1s slso necessary for
the rational design of the rotor hub, specifically the stop settings
and bearing positions. _

Altnough rinch experimental end theoretical blade-motion data
are available for auwtogiros, little data have been published for
the power-on helicopter condition. Blaede-motion theory as presentcd
in reference 1 is equally apvliceble to pocwer-on and autorotative
Tlight conditions. but, becauvse of the Aifference in the direction
of flow throush the disk and the accompanying changes in distritu-
tion of avpliled forces, use of correction factors for the helicopter
condition as determined from comparisons of theoretical and
experimental autogira date 1s gquestionable. In view of these
facts, a test program was started to obtain dats on helicopter
blade motlion. The present puper glves results obteined in selected
conditions of flight. The tests were conducted in the Flight
Research Division of the Langley Memorial Aeronautical Laboratory.

Measurenents of flapping and in-plane movion in terms of
Fourier series coefficlents obtalned by harmonic anal.cis are
presented herein along with sample blade-twilst and bend.ng measure-
ments. The measuredl flapping values are used as an experimental
check on rotor theory in order to determine the usefulness of the
theory for various applications. By establishing the degree of
agreement—between theoretical end experimental data, the experimental
data not only indicate the accuracy with which theory masy be used
for flapping predictions but alsc ald in checkling the adequacy of
some of the assumptlions used in all pheses of rotor theory. The
magnitules and trends of the higher harmonics of flapping and the
periodic in-plane motion are studled as a source of rotor vibration.
Measureuments of blade twisting and beniing are examined with a
view to aiding in the determination of some of the factors affecting
the disposition of forces on the rotor blade in flight.

Although by no means exhaustive, the data presented are felt
to be of great fundamental valué in defining the actual nature of
helicopter blade motion.
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DEFINITIORS AND SYMBOLS

The terms “feathering" and “cyclic—plech variation"” as used
horein refer to the variation of rotor-blade pitch angle wlth
Tlede azimuth position.

The "axls of no featnering" 1s the axis &bout which there
18 no Tirst-harmonic foathering or cyclic-pitch variation. (See
tha appendix for & detalled explanation of the use of this axis.)

¥ blede azimnih angle measured from down-wind pesition in the
dirsction of rotation

Bg observed blade flapping angle; angle between the blade and the
rlane perpendicular to the robtor-ghaft axis expressed as
a function of azilmubth angle ¥ by the Fourier series

Bg = &0g - a1 co8 v - bls sin ¥ - aés cos 2¥ - bes sin_ew v o s

8 blade flapoing angle; angle between blade and ths plene
perpendicular to The axis of o feathering expressed as
a functlion of azlwuth angle ¥ by the Fourler serles

B=ay-aycos V- sin ¥~ ay cos 2¥ -~ by sin 2¥ .

8g instantansous blede pitch angle at the 0.75 redius measured
wilth respect to the plane perpeniicular to the rotor-
sheft axis expressed as a function of the azimuth angle
¥ by the Fourier series

6g = Aos - Alslcos ¥ —_Bls sin ¥ - Aes cos 2¢ - BEB s;n =) S
o instentansous tlade pltch angle at the 0.75% radius measured
with vrespect to the axls of no feathering expressed as a
function of the azlmuth angle ¥ by the Fourler serles
8 = Ag - Apcos 2¢ - Bosin 2¥% . . .
blads drzg sngle; angle between blzade and & line drawn
throngh the center of rotation and drag hinge (vertical

ptn), poeitive in the direction of rotation, expressed
as a function of azimuth angle by the Fourler series

t = to+Eycosy +F) sin ¥ + By cos 2% + Fp sin 2¢ . . .
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P/L

true alrspeed of helicopter, miles per hour
/-
tip~epeed ratio (L.OQ8.Q
R
inflow ratio <I—B-3&-Q'-—:—I
$iR
induced velocity at the rptor
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rotor engle of atteck; angle between the projsction of +the
axls of no feathoring in the plane of symmetry ard a line
porpondicular to the flight path, positive when axis is

pointing rearward, degrees

fuseiage angle of attack; angle between relative wind and a
lins In the plsne of symmehry and perpsndicuLar to the

main-rotor-shaft axis, degrees

thrust coefficient T
pR2(AR)2

rotor thrust, pounds (assumed equal to L/cos o)
rotor 1lift, pounds

mass denslty of air, slugs per cublc footb
rotor angular veloclty, radiens per second

rotor-bledo radius, fest

ghaft power drag-1ift ratio; ratio of drag equivalent of
nmain-rotor-ghaft power absorbed gt a given airspeed to

rotor 11ft (Qu/7L)

shaft torque, pound-feet

1idit kg R
80 ——
v (i“R:) JF crgdr

equivalent chord, feetl.

Jo
local chord, feet

radius to blade element, feet



c
vy ‘mass constant of rotor blado (e > rablo of alr forces

to centrifugel forces
tNMass

b nwrber of bladses T
I,  mass moment of inertls of rotor blade about flapping hings .

a glope of 1ift cosefliclent against sectlon angle of attack,
per redian (assimed oqual to 5.73 in present paper)

B tip-loos factor (%taken as 0.97 in present paper)
Subscript:

8 referred to rotor-shaft axis
APPARATUS AND METHODS

The hellcopter used in the present tests was the Sikorsky HNS-1
(Army YR-UB) equipped with the original production rotor blades.
The blade plan form, pertinent dimensions, and mass characteristics
are presented in flgure 1. The instrument lnstalletlon was that
described in detall in reference 2 in addition to a 35-millimeter
motlon-pilcture cameras mounted rigidly on the rotor hub and pointed
out along one blade as shown in figure 2.

The blade was marked in such & way as to 1ldentify the 0.75 radius
and several other spanwlsee stations. Targets were mounted ahead of
end behind the blade at the 0.75 radius to permit pitch-angle
measuremsnts.

Typical photographs obtained in Plight are shown as figure 3.
Bleds motion was determined by observing the manner in which the
blade moved in the field of the camers which was fixed relative to
The rotor shaft. This motion was interpreted in texrms of angles
and deflections from similar photographs taken on the growmd with
the blade kept stralgnt by means of a beam and wedges and held at
known positions in space. The fliapping and in-plane motion of the
blade was defined as the motion of & lins commnecting the blade
root and 0.75 radlus.

The azlimuth positions of the camers and blade were determined
by using the tall rotor as a fixed referonce. Orientstion in
azimvuth of cemers framss between those in which .the 1all rotor -
appeared was determined by assuming constant rotor-shaft and camera-
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film speods over the interval, remes wore orilented in azimuth
to a precision of +2°, -

Tlight teste conslsted of & serlee of level-flight runs and
gome gample glides and climbs. The level-flight runs covered an
alirspoed range from 43 to 72 miles per hour at fixed rotational
speeds and covered thres rotationel mpeeds at each end of the
forward-sreed renge. Sinultaneous rocords were taken with the
camsrs and with the recording Instruments used for recording the
flight condivions.

A saxmple of the data obtained from the camera records ls
given in figure U4, which shows results from a typical test
consigting of about 200 blsde positions and cuvering about
20 revolutions. Reading eccuracy for the flapping, in-plane,
ahd pitch angles wae within #0.1° and for the tip deflections,
within 0.1 inch, The congistency of the tes¥ polmts in furming
a single curve for the bending measuremsnts suggestg that the
gscatter evident in the flappinz and pltsh meagurenents may be
due chiefly to the failure of the rotor blade to retrece 1lts
path in succeseive revviutions. The camera may be conslderad
rlgidly supported insofar as flappling, Tending, and piich neasure-
nents are concernsd. In the in-plane directien, however, play in
the crown-housing attachment permitted the cemsra to Te rotated
as much a8 0.1, The control-linkege and blade pitching-mcment
characteriatics provide a moment which tends to hold the ¢rown-
housing at one end of ite free travel, and the small scatter In
. individual runs and in cross-~plcts of coefficients indicate that
the play wasz suppressed. This posalple source of inaccuracy,
however, should be kept in mind in interpreting the dragging-
motion measurements.

RESULTS AND DISCUSSION

For discussicn and analyeis of the test results, the subject
can be divided into three parts: flapping motion, in-plene
motion, and . blade distortions.

Flapping Motion

The flapping and feathering data obtained in flight are
summarized in table I. Values are given that dctermine the flight
condition, the measured flapping motion (that 1s, the flapping
motion of the blade with respect to the_shaft), and the measured
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feathering motion (thet 1s, the cyclic-plich variation with respect
to the shaft, dus primarily to the control setting). The measured
flapping end feasthering values are presented in terms of Fourier
sarios coafficients obtained by harmonic anelysis of the flapping
and plich~sngle data.

Peduction of dats, to pure flepping systen.- In order to o
compare the measured fisppirg motions witn theorstlcal predictions,
the actusl flepping-feathsring system was reduced to an equivelent
pures flaxping system. Flapping was referred to an sxis sbout
which there was no first-harmonic cyclic-pitch variation, which
has buen 8afin~d as the axis of no feathering. The simple con-
verslons of measured flapping end featne:ing coefficients to the
flapping coefficients referred to the axis of no feathering are
glvewn in the appendix. The flapping coefficlents referrsd to the
axls of no feathering are given in table I.

Thecretical calculations.- Flapping coefficients were calculated
using the performancs charts of reference 3 in conjunction with the
thrust end flapping-motion equations of raference 1. Calculations
were made using experimental values of thne performance paremeters
Cpfo, n, and P/L. Since the theoretical expressions for the

flapping coeffictonts are given in refersnce 1 in terms of the.
variables A, 6, and p, 1t was first necessary to determine A
and 6 for the given conditions. The variable 6 was determined
from the cherte of refersnce 3 which definse € Por given values
of P/L, u, and CT/G and for a fixed profile-drag polar. With
the value of 6 known, A was obtained from equation (6) of
reference 1 which relates Cch, A, 6, and p,

Calculaticne for level flight were made for three groups of Crp
corresponiing to the three rotationel speeds for which data were
obtainod in flight. For each velue of Cp, the variation of P/L
with ¢ was obiained by fairing through the expsrimsntal values
with a theorstical variation of P/ with u used as a guide.

For the glide and climb conditlions, theoreticel values of the
flapping coefficients were calculated for the actual flight con-
ditions measured In each case.

Significance of Fourier series coefficients.- For the purpose
of analysis, the flapping motion is examined in terms of the
coefficlients of the following Fourler series:

B = 8 - 87 CO8 ¢ -~ Dy 8in ¢ - 85 cos 2§ - by sin 2¢% . . .

Physically, these coefficlents represent the amplitudes of the
sinusoidal motions which, when added, will produce the actual
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flapping motion. The coefficient 8q, for example, represents
the steady ccning engle. The coefficient &y roepresents the
emplitude of resrward tilt of the disk with respsct to the axis

of no feathering, and by represents the degree to which the disk
is tilted laterally toward the advancing sides. The higher
harmonics, ap, by, &3, &and so forth determine the departure

of the throe-quarﬁer-;adius station from a plane. Althouzh

these higher-harmonic cocfficients are quite small, they are
significant in etuwdies of rotor vibration.

Comparison of theoretical results with experimental. results
for level flignt.- The flight values of the flapping coefficients
and pitch angle for the level-flight conditions are compared with
theory In figure 5. The measured cosPficlents for each of the
groups of Cyp were adjusted to mean values (Cyp = 0.0046, 0.0055,
and 0.0063) using an increment based on the calculated variation
of flapping coefficient with Cp. Although the adjustments were
srmall and 41id not alter the resulis matorially, they did vreduce
the scatter in the data in every case.

In figure 5(a) measured and calovlated coning angles are seen
to be in good agreement; &y was underestimated by less than 1/2°.
The theory ls thus ssen to predict closely the average radial
center-of-pressure position. The variations of the coning angle
with u and Cp are quite well predicted axcept for the higher
values. In this comnection, the cbservations of stalling on the
retreating blade are pertinent. Various degrees of tip stalling
vore ohserved at higher speeds and high thrust coefficients, and
at the highest moasured velus of u (0.25), the tip of the blade
was stalled for approximately one-fourth of each revolution.
Stalling measursmente for these speeds and thrust coefficients
are presented and discussed in reference 4. - The test point
for p = 0.25 represents a condition of severe stall. A definite
decrease in coning angle, as compared with the trend. of the rest
of the data, is shown in the figure for this condition. This
decrease is presumadly due to the loss of lift on the retreating
tip resulting from stall.

In figure 5(b), the longiltudinal Fflapping coefficient a; 1s
also seen to be underestimated; the disagreement becomes larger at
the higher values of u and Cp. This increase in disagreement
with inoreasing values of n and_Cp might be acccuuted for by
the incressing region of angles of attack on the retreating side
that fall above the linear portion of the 1ift curve. With the
excgption of the coniitlion for severe stalling, the predicted and
measured values differ by less than 1°.
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The lateral flapping coefficient Dy in figure 5{c) is
vnieregtimated, as might be szpectsd since uo account ie taken
in %tho caleilatioas of the nonuniformity of inflow over the disk
in the dirsction of flight. If a linesr variation of inflow is
assuasd irstead of uvniform inflow, agresment is comsidsrenly
improved. Yhe curve in figure 3{c] Tor linearly varying inflow vas
calcutatsd using the following sgmnatica {refsrence 5}

. m® Koo . _
Ab, = L . : (1)
1 32. + %_ua 2('_12 3 ;\.2) 1112
&

vhore K + 1 is tke ratic of +the induced velocity ab ths rear of
the diekx 40 the meen induvesed velocity, with a linear variation
from front to rear assumed. Tae valuo of X used was computed
using the tangont arproximation of -flgure 3 of reference 6. %ha
reosulting curve diffsrs from the corrssponding test points by
less than 1°. It appears possible that the greater part of the
recaining discreparcy can bv sccounted for by more refined treat-
ments of the effects of induced flow patterns.

The coefficivnts an and b, are emsll as shown in figure 5{d)
end, although the agresmsnt is poor ¢n & percembtage basis, the o
order of maegnivude and varistions of coning angle with Cy and ¢
are quite satisfactory. The effects of stall ere again evident
in the teet point for u = 0.25. Tt should be pointed out that the
presence of gome second-harmonic feathering {see table I) ]
neceszarily affected the second-harmonic flaspping valves. These
higher harmonice of feathering resuit from plsy and nonlinserity
in the blsds-feathsring iinkage and Prom periodic Dlads twisting.
Ezxamination of ths probiem Leads to the opinion, however, that the
degrse of azresment ehown world not be siguificently affected by
application of & carrection to the measured flapping for the effect
cf this feathsring. The massasured third harmonics a and Y are
presanted in figure 5{3}. No theoretical wvaluee are glven since
tha equations uassd extended only throughi tho secord harmonics. The
third hamronics ars ssen to be quite small. (The scale is five
¢imes that for aps &and bo.)

The abrupt increese in the second and third hermonics In the
condltlion of extrems stall is Interesting in connection with the
pilot's reports of severs vibration in the highly stalled condition.

Tn figure 5(f) the calculated value of mesn plich angle is
compared with the theoretical value. The coefficient Ay 18 seen
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to be overestimated by sn apprecisble amount, which iIndicates that
the assvmed lift-curve slope 1s too low. Agresnent is improved at
higher tip-speud ratios, wiich agsin may e the resuld of an
effectivoly decroassd lift-curve slupe caused by the increesing
regions of higk onglie of atbtack. Alsor as will te chovn in the
section of the present pspor entitled "Effect of profiie drag"
pert of tho disagreemwsit srises from the optimistic profile-drag
vaeluss aasumsd In the calculations.

Corparieon of theoretical resuits with exparimeuntsl results
for climbe apd glidss.- in view of the limited date gvailsble for
the olimb and glide conditions and the difficulty of presenting
a conparison of calculated snd messured flapping coefficlonts for
climd on a eimple plot, the coefficiente for these condlticns
are given along with calculated values in table YI.

Examinstion of—table II, togother with the level-flight com-
parison cf figure 5, shows how the degree of egreement betwsen
theory and experiment is affected by flight conditicn. In generel,
agreement is better for glides and pcorer for climbs than for level
flight. Theory appsars to underpredict the rate of change of
the coefficlents with P/L. This discrepancy in trend 13 not felt
to be large enough to impalr seriously the general usefulness of
the theory but is considered to warrent further investigation.

Eftect of profile drag.~ In the theoretical calculations,
one approximation in sidivicn to lhe assumptions gsverning the
guneral theoroticel equetions was mede. The profile drag of the
blades tesited was assumed to be represonted by the polar on
which the performence charte of refsrence 3 are hased. Both
performence messurements of the actusl rotor and wind-tunnel
tosts on a portion of a similar blade indicate that the profile
drag wa3 actually much higher then that eesumed. Accordingly,
gample celculations wore mads assuning a drag polar with 30 percent
higher profile dreg to determine tho effects of kie sasumed pro-
file drag. The e¢ffects on the dredicted -{lapping coefficients
wera very omall and 4ie 30-percent incresse in profile drag
resulted in a changa of less than 2 percent In the coefficients.
Che predicied value of 4, was decreased about 0.4°, however,
which improved the agreement between calculated and measured
valucs (fig. 5(f}) apprecisdly.

- General remarks.- In order to illustrate more clearly the
over-all asgreement between calculated and measured flapping, the
resultant flapping motions asg calculated and as msasured for a
semple case are compared in Pigurs 6. The maximum discrepancy
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o :
is sesn to be abnut l; » which is smsll encugh to warrant the use

of the theoretical coning angle and flapping motion in designing
the rotor hub. . - . }

The agreement between the theoretical and measured longitudinal
and lateral flapping engles (shown in Pig. 5 to be within 1°) is
consldered to Justify use of the theory for the solution of
problems in which & knowledge of the orientation of the plane of
the 0.75 radius under different conditions is desired. For example,
the orientation of the plane of the rotor disk must be known in
predictions of control required for trim and in the degign of the
rotor hub. : :

In connection with helicopter static stability, the rates of
change of the lateral and longitudinal flapping angles with thrust
coefficient and tip-speed ratio are significant. The experimental
and theoretical trends shown In figure 5 are felt to be in suffi-
clent agreement to indicete that the theory will prove useful in
the gtudy of helicopter static s8tebility, at least for preliminary
examination of the provlems involved. In arriving at this con-
clusion, the effect of adjusting the values of the flapping
coefficlents to constant-power conditions was examined.

In connection with stability studies, it should be mentioned
-that knowledge of the orientation of the plane of the 0.75 radius
does not strictly define the direction of the rotor resultent
force. Availavle theoretical treatments and experimental results
irndicate that, in connection with the gtabllity and control
studies referred to, the error involved in ignoring the component
of the resultant force in the plane of rotation is, 1n general,
not significant. A full discussion 6f this point is felt to be
beyond the scope of the present paper.

In-Plane Motion

Measured values of blade in-plane motion Ffor each flight
condition are given in table IIT in terms of the Fourier series
coefficlents §,, E, end F, where :

E=Co+Ercosy+F ein¥+Eycos 2y + Foein2y + ... (2)

and where ¢ 18 the angle between the blade axis and & line
through the axis of rotation and the drag hinge. The drag hinge
is the vertical pin which allows the blade freedom of motion in
the plene of the disk.
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Poriodic in-plane motion.~ Periodic in-plane motion arises
From two sources - air forces end "mechanical forces." The torm
mechanicel forces" as used hereln represents the in-plane forces
due to the changing moment of inertia during each revolution of
the flapping blade with respect to its shaft.

Fourier series coefficilents obtained from harmonic analysis
of the measured periodic in-plene motion were calculated in order
to determine the megnitudes of the various harmonice. Since the
"mecherical" part of the in-plene motion, caused by first-harmonic
flapping with respect to the shaft, 1s a function of fuselage
center-of-gravity position and fuselage pitching moments and has
no fundemental slgnificancs, this mobion, as calculated from
angular momentum considerstions {using the treatment of reference 7),
was subtrected from the Tiret-harmonic ccefficients in order to
study the remaining in-plane motlion caused by air forces. The
motion due to alr forces was found to have a relatively smsll
amplitude over the entire range of conditions tosted and Yo reeach
a maximm of atout 1° at a tip~speed ratio of 0.25.

Tho measured periodic in-plane motion has been plotted for
e sauple case in figure 7, along with the motion dus to elr forces
gions. The motion dus to ailr forces alone was determined by
gubtracting the cslculated "mechanicel" contribution to the
motion from the messured motion. It maey be noted that the maximum
elr-torce contrihitions to the periodic in-plsne motion occur ak
approximately ¥ = 170° and ¥ = 350°.

As hag been pointed out, the phase end emplitude of the
"mechenical" input depend upon the flepping motion relative to
the shaft. For the condition shown in figure 7, the "mechanical
input is seen to add to the air-force input. The "mechanical”
inoput may be varled by changing the cambination of shaft angle
and controi position, through use of a horizomtal control surface
for example or by variation of the fusslage center-of-gravity
position. The changss in "mechanical” input with normal fueelage
center-of-gravity varlations may result in motions of the order
of 3° to 4° which are large with respect_to the air-force input.
Since the "mechenical" input is under the deeigner's control,
design center-of-gravity positions (relative to the shaft) may
be chosen o as to offset—to a large degree the motion due to
alr Torces and thus blade in-plane astresses and vibrations in
the hellicopter due to desmper loasds may bhe reduced.

Moan drag angle.- The mean drag angle In radliesns 18 given
approximately by the expression .

t = - Q
o be(marcg)(;‘ée'} +9 (3)
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where
Q main-rotor-shaft torque input, pound-feet
] numbsr of blades

o distance from drag hinge (vertical pin) to axis of rotation,
feet

M blade mass, slugs

Tog radlal position of blade center of gravity, feet,; measured
from drag hinge .

rgp vradial position of resultant drag force, feet; measured
from drag hings .

Bquation (3) indicates that for. & given rotor the mean drag
angle is essentlelly a funstion of Q, Since the radial position
of the resulitant asrodynamic force rgp 18 very large with respect
to e (rzp 15 on tho order of 0.7R), the drag angle should be
relaf‘valy insensitive o changes in rge. Tor exemple, when

Tae = O.TR, & *30-percent variation in rge 1n equation (3)
produceos only a t2-percent change in CO'

T figure 8 measured values of the ratlo of the rotor-shaft
power to tihe cube of the rotor rotational speed (proportional
to Q/ﬂ2 are plotted sgainst measured drag aengles. The test
points rerresent a variety of conditions of flight including
level flight from the spesd for minimum power to top speed, climbs,
and autorotation. It 1s seen that excellent correlation exlste;
the masimum scatter is.gboulb 3 vercent from a mean stralght line,
which ie tae order of accuracy of +the measurements. The linearity
of these data suggests that the theoretical relation should be
useful in imterpreting drag angle in terms of maln-rotor-shaft
torque. A mechanical device wiaich Indicated the mean drag\angle
wculd provide a simple meens of 1ndicating changes in power
absorbed by the maln rotor and, 1f calibrated, could be used
a8 a gervice torquemeter. If a probable_representative valus of
the radisl position of the resultant sercdynamlc drag force le
assumed, such as 0.6R or 0.8R, the drag angles for the various
power conditions can be predicted from equation (3) to within
about 1/2o This approach thus eppsars to be accurate enough to
be useful in designing the rotor huvb. '

-~
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Blade Distortions

Blede twlsbting.- Sample measurements of blade torsional
deformation were made for esn extreme case, a velocity of 70 miles
per hour at which a largo erea of stall was encountered. Valuss
for twist occuwrring between two stations wers obtalned by measuring
the angle of the 0.75-radlus targets relative to the center
chordwise strip at the 0.50 radius. {See fig. 3.) These values
are plotted agaipst azimuth angle in figure 9. The measurements
are of interest in that they isclate the twisting caused by the
alr forcea on the outer part of the blade. The perlodic twist
1s seen to be of the order of *1/3° with about -0.1° mean twist.
Approximate calculations indicate that in order to produce *1/3
twist a center-of-preassure travel of the order of 1.5 perceni of
the chord is required and that .the mean twist corresponds tc a
displacemens of the conter of pressure from the center of gravity
of ahout lf2 pereent of the ciiord. Thne effect of stalling and
the associated diving moment—on the blads twist 1s evidenced by
the dip in the curve of-figuro 9 between approximately 240°
and 360° azimuth.

The twisting-dowvn cn the advancing side (high velocities
and low angles) together with the twlsting-up on the retreating
side {low velocities and high angles) suggests that the blade
centor of gravity is behind the asrodynemic centor and ihat an
epprociable diving-moment coefficient exlsts gbout the aero-~
dynenmic center. Scme diving moment would be expected on the
biades tested dus to camber caused by fabric distortion.

Blede bending.- In figure 10, blade-bending deflectlon
curves are shown Pfor several azimuth positions in e sample case
(70 mph, 225 rotor rpm) . Deflections are given relative to a
straight line through the hub and the 0.75 radiuns. The figure
indicates that the tip porticn of the blede is bent concave
dovnwerd over the greater part of the disk, which gives an
S-shape curve to the spar. Inasmuch as the spanwlse mass distribu-
tlon for the blades tested was approximately proporticonal to
the chord with no concentrated masses along the span, this
bending indicates a definite loess of 11ft at the blade tips.
Corresponding observaticns for other flight conditions likewise
showed this S-shape curve. Since computations making no allowence
for tip losses indicate appreciseble concaviiy upward over the
entire blade, it thus sppears that tlp losses must be allowed
for in-blade berding-stress calculations in order to obtain
reascnably accurste answers. This indication 1s in agreemont
wlth the conclusions arrived at in the thooretical examination
of tip-loss effects given in reference 8
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A violent Flipping-up of the outer pa.r'b of the blade will be
noted in figure 10 in the reglon of 270° azimath, that is, on the
retreating side of the disk. The nature of this motion is more
clearly shown in the sample bending data in figure 4. The cause
of this phenamenon is not fully understood at the presen't; time and
requires further Investigation. There are indlcations that it
may involve an instebility due to rearward chordwlse center—of—
gravity position,

CONCIUSIONS

On the basls of blade-motion measurements obtained on a
helicopter in flight et tip-spesd ratios ranging from 0.12 to
0.25, the following conclusions are drawn:

1. Comparisons of measured and calculated flapping motions
indicated that, for the range of level-flight conditions tested,
the coning angle and the longitudinal and lsteral flappling angles
may be predicted within about 1°, which renders predictions quite
useful in the design of the rotor hub and for estimatlions of
requlred control displacements for %Hrdim,

. 2. Somewhat larger devietiona betwsen predicted and measured
flapping motion were noted in the rather limited climb conditions

covered as compared with level~flight conditions, and further

exenination of this deviation appears desirable. o

3. The predicted rates of change of the lateral and longitudinal
flapping angles with tip-speed ratio and thrust coefficient were
felt to be in sufficient agreement with the measured values to
indicate that available blade-motion theory will prove useful in
the study of hellicopter static stablility, at least for preliminary
examination of the problems involved.

4, The periodic inmplane mo*bion caused by air forces were small,
having an emplitude of about 1° at & tip-speed ratio of 0.25. This
Pact simplifies the deslign problem involved in minimizing damper
loads.

5. The mean drag angle was Tound to be proportional to the
rotor-shaft torgue divided by the square of the rotor angular
velocity, within about I3 percent, over a wide range of flight
conditions. The proportionality suggests use of the drag angle
in devising & simple service torquemeter for the helicopter. The
agreement between measured and predlcted lag angles was considered
adequate to warrant confldence in the predicted values in designing
the rotor hub.,
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6. Measurements cf blade distortions showed substantial downward
bending of the outer quarter of the dlade, presumably due to the
laas of 1ift at the tip. Lt thus arreare that tip losses must be
allowed for in bleds bendizg-stross calculations in order to obteln
reegonabliy sccurate cnsvers.

Lamgley Memoriel Aeronavtlical Laboratory
Natiocnal Advisory Comaittee for Aeronautics
Langley Fieléd, Va. Februsry 20, 19hk7
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APPENDIX . AU

CONVERSTON OF MEASTRED VALUES OF FEATHERING ARD
FLAPPING WITH RESPECT TO SEHAFT TD FLAPPIRG

ABOUT THE AXTYS OF KO FEATHERILG

Reagon for converslicn.- At the time that the basic theoretical
treatments, such as that of refsrence 1, wore made, the typical
rotor arrangements involved the use of hinges to perml%t flapping
but no mechanism by means of which feathering could be introduced
with both flapping and feathering referred to the rotor shaft.

Phe desired orientation of tho rotor was achleved by tilbting the
rotor shaft. Since that time the mechanical arrangement in most
designs has boen altered so that the rotor attituds is controlled
b7 feathering. Ia other words, a controllable amowmt of first-
harmonic blade-pitch chengo is introduced relative to the axis

of the rotor sharft. Tho two systems are asrodynemically equal, the
‘blades follow the same path relative to space axes, as regards
both pltch engle and flapuing angle, for any glven flight condition
regardliess of the machanical means used Por achieving it. This
fact mey be conflrmsd by inspection tut has g8lso been demonstrated
mathematically in reference 9 erd again in more detall In an
unpublished analysis.

In practice, the present rotor systeme, such as that of ths
holicopter ‘tested, involve both Tlapping and feathering, and, for
ccomparison with theory based on either the assumptlion of no
feathoring or no flarping, & conversion wouldl be necessary. Since
the avallable itreatmsnte, such as that in reference l, sssume no
feathering, it 1s expedient to convers to thle condition. :

fhe conversion involved is simply a change of referencs
axes, which can be more easily understood by reference to
Pigure 11. Tigure 11{a) shows a longitulinal cross-section
of the rotor come Por a system without feathering (that is, a
pure flapping eystem) and the longltudinal tilt of the rotor
shaft required to orient the rotor to correspond to soms
particular flight condition. ¥n figure 11{d)} the flight con-
dition is apmsumed to be the same and hence the tilt of the
rotor ¢cons with respect 46 the £iight path 1s the same, bub
The tilt is achleved by a combination of shaft tilt and feathering
relative to this shaft. For clarity, the feathering is assumed
to be achiesved by a swash plate linked in such a manner that
a 1° longitudinal +11t of the plate produces 1° of feathering in
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the Dbladss when the blades are in the lateral position znd no
feathering vhen the blades ars alinad longitudinally. In otier
words, tte blades do not change piizh w5ile revolving, es referred
o the plane oi' the swauh plate, rnc matter how the swask plate

18 tiltsd. In figure 11(a) the blades do not charge pitch as
referread to the shalft axis while revolving. The axis of the

swash plate in figure 11{b) 1s thus squivalent to tlue chaft axls
in figure 1l{a} insofar as periodic pitch-ungle varietion is
concerned. Siuce tnr swash plate need not ba rigged as aesumed
In this Pigure end sinco the trus sigmificance of 1ts nxis is that
no feathering is intrcduced relative to 1it, this axis is termed
the oxie of no feathering, rather than the swesh-plate axis. It
corrogpornds to the shaft axis for an equivulent {or puve flapping)
system incorporating no means for feathering.

4 lateral cross-sectlon of the rotor cone, simtlar to figure 11,
may be drawn which would show the relatvionships betveen flapping
and. feathering in that plane.

Txpresaiong Por conversion.- The measursd flapping (relative
to gheft; 18 exprcssed as

Bg = aos - als cod ¥ ~ bls gin ¥ - aas cos 2¢ - b@b.sin 2¥ . v

The measured pitch angic (relative to shaft) i1s expressed as

'98 - AOB - Als cog ¥ - Bls sin ¢ - AQB cos 2¢ - BEB gin 2V . .

Flapping with remspect to the axis of no fsathering is expressed as
B=ay - a, cos ¥ - Py 8in ¢ - a5 cos 2§ - by, ein 2% . . .

Pitch angle with respect to the axie of no feathering is expressed as

8 = A, - Ay cos 2¥ - By 8in 2¢ . . .,

the first-harmonic terms becoming O by definition. Then the
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equatione for transforring from the shaft axis to the axis of no
Peathering are

EO = ECB

U
&
w
KR
=)
[
/1

02 = 025

A = A

I? The sngle bebtween the perpendicular to the rotor ghaft and
the airsiream i1s defined as «g, the rotor sngle of attack o is
gliven by. S -

Cf.=0!.s"B1

—-——
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TABIE TI.- COMPARISON OF CALCULATED AND MEASUBED

FLAPPING COEFFICTENTS TN GLIIES AND CLIMBS
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TABLE ITI.- IN-PLANE-MOTION DATA

Testl Lo [Br T [P |T2 | B3| T
1 }-10.75/0.61{-0.%9 }-0.08 {-0.08|0.12]/0.02
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10 |-12.k2 .55 -.33| -.05| -.04 .10{-.02
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Figure 1.- Physical characteristics of the main-rotor blades. All
dimensions are in inches.
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Figure 3.~ Typical blade photographs taken in flight.
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Figure 11.- Longitudinal cross sections of the rotor cone, showing
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(referred to the shaft axis) to a (pure) flapping system (referred
to the axis of no feathering).



